The resistivity (p) and temperature coefficient of resistivity (TCR) dependencies on modulation wavelength (a) were examined in Fe/Zr multilayer thin films. It was shown that the p()) and TCR(λ) behaviours can be explained on the basis of the assumption that the amorphous phase can be spontaneously formed during the deposition process. We found that the effective thickness of the amorphous phase was =2 nm per single interface.
Introduction
Amorphization of crystalline multilayer structures caused by solid state reaction has been established for many metallic systems including Fe/Zr artificial structures [1, 2] .
Kiauka and coworkers [3] using the conversion electron Mössbauer spectroscopy showed that an amorphous Fe-Zr phase could be formed during a deposition process. They found that a layer of interfacial a-Fe of thickness of 2 nm at most was transformed into an amorphous phase.
Kopcewicz [4] and Kraegermann [5] showed that for n(Fe) = n(Zr) < 10 monolayers of both sputtered and electron beam-deposited Fe/Zr multilayers were entirely amorphous.
The formation of the amorphous phase in multilayered Fe/Zr thin films was also investigated by resistivity measurements [6] which gave the information about the spatial distribution of crystalline and amorphous phases by comparison with a network of parallel and series resistances.
According to Kiauka [3] at least two amorphous magnetically oriented phases exist in the as-deposited Fe/Zr multilayers probably due to a Fe concentration gradient across the amorphous layer.
In the present paper the appearance of an amorphous phase in the as-deposited Fe/Zr multilayered films is shown on the basis of the electrical resistivity studies. Applying different resistivity models for the layered films we intend to show how the amorphous phase can be distributed in a polycrystalline Fe/Zr layered matrix.
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Experimental
Polycrystalline Fe/Zr multilayered films were prepared by double face-to-face cosputtering.
The total thickness of the samples was d= 230 nm and the modulation wavelength was 1.2 nm < λ < 12 nm (λ = dFe + dzr, where dFe and dzr are Fe and Zr sublayer thicknesses, respectively). The number of bilayer was 20 < N < 200. The sublayer thickness ratio d Fe/dzr was 2 : 1. The wavelength of modulation )A and sublayer thicknesses were determined by small angle X-ray diffraction and X-ray fluorescence analysis. The error in the thickness determination was smaller than 5%.
The electrical resistivity (p) and temperature coefficient of resistivity (TCR) were measured on the as-deposited samples at loom temperature and as a function of temperature (290 K < T < 750 K). Figure 1 provides examples of the temperature dependencies of resistivity for two Fe/Zr multilayers with λ = 1.96 nm and λ = 5.9 nm. It is clearly seen that the p(T) behaviour is different at high and low values of A. The amorphous phase formation (solid-state reaction) is visualized by increase in the resistivity which starts at about 420 K (TA) for both samples. The progressive growth of the amorphous phase can be observed.
Results and discussion
Crystallization process of the previously formed amorphous phase can be observed at higher temperatures (TO and is accompanied by the decrease in the resistivity. Figure 2 presents the collected resistivity and TCR data as a function of a for the as-deposited Fe/Zr multilayers with dFe/dZr = 2 : 1.
The resistivity decreases with increasing λ; simultaneously an increase in TCR occurs. The TCR in the vicinity of λ = 2 nm takes negative values.
The only phase in Fe/Zr multilayer system exhibiting a negative TCR is the amorphous one. Hence, the change in sign of TCR gives conclusive evidence that an amorphous phase is formed during the deposition process. We suppose that decreasing TCR suggests also that an amorphous phase can be formed in the Fe/Zr multilayers in the whole range of a, but for λ very close to 2 nm the multilayers are likely to be almost completely amorphous.
In order to check our suppositions about the existence of the amorphous phase in the as-deposited samples the resistivity of the Fe, Zr, and amorphous Fe-Zr thin films has been measured. We obtained the values 0.412 µΩ m, 1.00 µΩ m and 2.07 µΩ m for the films given above, respectively. Two resistivity models were taken into account in order to explain the p(λ) behaviour.
In the first one we assumed that the Fe/Zr multilayers could be treated as independent resistors connected in parallel. In this case we assumed that the spontaneous formation of an amorphous phase (or amorphous phases) during the deposition process occurred at the interface between Fe and Zr sublayers (planar growth of an amorphous phase). Then the resistivity of the sample can be written as where d denotes the total film thickness, p a is the resistivity of the amorphous phase and dFe and dzr are the effective thicknesses of Fe and Zr sublayers, respectively. da is the thickness of the already existing amorphous phase. The thicknesses dFe, dZr and da were treated as the fitting parameters.
We found the best fitting quality when the amorphous phase was formed by 1.5 um of Fe and 0.75 nm of Zr at the single interface. It means that the average composition of the amorphous phase was 4 Fe atoms per 1 Zr atom. Hence, the simple model of the resistors connected in parallel can be applied only for λ > 2.2 nm.
The second resistivity model for λ < 2.2 nm and the analysis of the resistivity results is based on Maxwell's [7] treatment of a system composed of a number of randomly distributed crystalline spheres of the same resistivity embedded in an amornhous matrix of a different resistivity. In this case we can write where pc denotes the resistivity of the crystalline spheres and d/da is the volume fraction of the Fe or Zr crystallites in the amorphous matrix.
In our calculation we made the same assumption as before, namely that an amorphous phase can be formed by 4 Fe atoms and 1 Zr atom. We took as p c the pre or p zr values depending on which crystalline metal stayed partially chemically unreacted.
Our calculated results are shown in Fig. 2 . It can be seen that the p(λ) behaviour can be well explained by the use of two resistivity models described above with the assumption that an effective thickness of the amorphous phase to be formed at the interface is about 2 nm.
Conclusion
The resistivity and temperature coefficient of the resistivity dependencies on A were examined in Fe/Zr multilayer films.
The p(λ) and TCR(λ) behaviours were explained on the basis of the assumption that the amorphous phase already exists in the as-deposited samples.
Two resistivity models have been succesfully applied in order to explain the p(.\) behaviour. The first one described the Fe/Zr multilayers with λ > 2.2 nm as the independent resistors connected in parallel, and the other one described the Fe/Zr multilayers with λ < 2.2 nm as the system composed of the number of the randomly distributed crystalline Fe or Zr spheres embedded in the amorphous matrix.
We found that the spontaneous formation of the amorphous phase occurred, corresponding to the effective thickness da = 2 nm per single interface.
